Introduction
[2] The western Mediterranean area, comprising several basins with both continental and oceanic domains, formed from the Oligocene to the present-day. These basins are surrounded by Alpine mountain chains that developed mainly in the emerged areas of Africa and Europe, and also in the Corsica and Balearic Islands. Most of these mountain chains are coeval with the development of the basins. In the southern mountain belts of the western Mediterranean area (Betic, Rif, Tell, and Calabro-peloritans) , there are several complexes that have undergone a metamorphic and deformation prior to the main orogenic stages of the mountain belt. These complexes of rocks have been usually called the Internal Zones in the Betic, Rif, and Tell. Most of the models of the evolution proposed for these belts imply a scenario wherein the Internal Zones complexes collided with a continental margin, thus triggering the orogeny. There is commonly a warn discussion among authors working in these areas concerning the identification and interpretation of the structures in these terranes, such as which structures predate the main orogenic event, which are coeval, and what kinematics and significance are (see, e.g., Platt et al. [2006] for a new interpretation of the whole evolution of the Betic Internal Zones).
[3] In the Betic-Rif Cordillera, Balanyá and García Dueñas [1987] defined the Alborán Domain (equivalent to the Internal Zones), which consists of allochthonous units. This Alborán Domain collided in the early Miocene with the rocks of the South Iberian Domain, which represents the ancient paleomargin of Iberia. Between the two domains are flysch units that form the Flysch Trough units. The rocks of the Alborán Domain can be grouped into three parts: the upper, mainly nonmetamorphic, Maláguide Complex, the intermediate Alpujárride Complex with Paleogene highpressure/low-temperature (HP/LT) metamorphism [Platt et al., 2005 [Platt et al., , 2006 and the lower Nevado-Filábride Complex with Neogene HP/LT metamorphism [López-Sánchez-Vizcaíno et al., 2001; Platt et al., 2006] . These rocks thrust over the South Iberian Domain rocks in the western and Central Betics [Balanyá and García Dueñas, 1987; Balanyá, 1991] with a top-to-the-NNW sense of movement [Kirker and Platt, 1998 ]. However, in the eastern Betic Cordillera, the South Iberian Domain rocks are superposed by a back thrust over the Alborán Domain with a top-to-the-SE sense of movement [Paquet, 1969; Lonergan, 1991 Lonergan, , 1993 (Figure 1) .
[4] The Maláguide Complex, which is the highest tectonic complex in the Alborán Domain of the Betic Cordillera, displays the most complete and best dated sequence in the entire Internal Zones, enabling relatively Figure 1 . (a) Geological sketch of the Betic Cordillera and (b) cross section of the eastern sector of the mountain chain. The cross section was drawn using data from Jabaloy-Sánchez et al. [2007] and Nebbad [2001] . accurate dating of the structures. The sequence begins in the early Paleozoic and ends in the early Miocene. The outcrops that contain the most complete sequences are located in the eastern Betic Cordillera near the village of Vélez Rubio (Figures 1 and 2 ), whereas those in the western and central Betics usually lack the Jurassic to early Miocene rocks and the easternmost outcrops in the chain have practically no Paleozoic rocks. This area has been the subject of a number of field studies ever since 1960s [see Lonergan and Platt, 1995; Geel and Roep, 1998, and references therein] and their sedimentary sequence and lithological cartography are well established. Moreover, the area near Vélez Rubio shows the relationships of the complex with the South Iberian Domain rocks and with the HP/LT metamorphosed Alpujárride Complex and includes extensional structures such as low-angle normal faults and detachments [e.g., Aldaya et al., 1991; González-Lodeiro et al., 1996; Lonergan and Platt, 1995] and compressional structures such as thrusts and folds [Paquet, 1969; Lonergan, 1991 Lonergan, , 1993 .
[5] The main aim of this work is to present the structure of the Maláguide Complex in the area of Vélez Rubio. This will aid in determining the structures that predate the major convergence between the Alborán and the South Iberian domains, those that are coeval to this convergence, and those that postdate it. We have also established the kinematics of these structures, their mutual relationships, and their relationships with the synorogenic deposits. We have then focused on the evolution of the Alboran Domain and the mechanisms of the exhumation of the HP-LT complexes below the Maláguide Complex.
Geological Setting
[6] The Betic Cordillera extends south and eastward in the Iberian Peninsula. Within the orogen, two major zones have been recognized: the Internal Zones [Fallot, 1948] , or Alborán Domain [Balanyá and García Dueñas, 1987] , and the External Zones [Fallot, 1948] , or South Iberian Domain [Balanyá and García Dueñas, 1987] . The rocks of the Internal Zones have usually undergone Alpine metamorphism, while those of the External Zones are sedimentary rocks deposited in the southern and eastern margin of the Iberian Massif. In the western part of the chain, the two zones are separated by the turbiditic deposits of the Flysch Trough Units (Figure 1 ).
[7] In the eastern Betic Cordillera (Figures 1 and 2) , from north to south, the following structures can be identified in the External Zones: (1) the fold-and-thrust belt of the Prebetic, which developed over a wedge of sedimentary rocks with shallow marine and paralic facies; (2) the thrust of the Intermediate Units formed by a sequence of Cretaceous pelagic rocks where Jurassic deposits are omitted; and (3) the pop-up structure of the Subbetic bounded by two divergent thrust surfaces.
[8] In the Vélez Rubio area, the rocks of the Subbetic underwent compressive deformation during the Burdigalian [Fernández-Fernández et al., 2004] . The first deformations recorded in these rocks are a trend of approximately N-S folds verging east (early Burdigalian) that were tightened and affected by vertical axis rotations during the middle Burdigalian [Fernández-Fernández et al., 2004] . These rocks thrust over the Solana Formation (attributed to the Aquitanian) with a SE sense of movement of the hanging wall, and the thrust surface was eroded and covered by upper Burdigalian deposits [Fernández-Fernández et al., 2004] .
[9] In the area around Vélez Rubio, between the Internal and the External Zones, lies a body of green and brown marls with quartzitic sandstones and calcarenites called the Solana Formation. Some authors correlate this formation with the Flysch Trough Units [Martín-Algarra, 1987 ], although we interpret it as part of the synorogenic deposits associated with the convergence between the two zones [Jabaloy-Sánchez et al., 2007] . The rocks of the Solana Formation thrust over the rocks of the Maláguide Complex, probably during the upper Burdigalian [Fernández-Fernández et al., 2004] , with a top-to-the-SE sense of movement.
[10] The Internal Zones of the eastern Betic Cordillera contain the three main complexes defined in the chain: the Nevado-Filábride, Alpujárride and Maláguide [Egeler and Simon, 1969] (Figures 1 and 2 ), which are superposed in the aforementioned order. The present-day contacts of these complexes in this traverse are extensional detachments and low-angle normal faults [e.g., Aldaya et al., 1991; GalindoZaldívar et al., 1989; Jabaloy et al., 1993; Lonergan and Platt, 1995] . The Maláguide is well represented in this traverse by four main outcrops: the area of Vélez Rubio to the west, Sierra Tercia and Sierra Espuña in the center, and Sierra de Carrascoy to the east (Figure 2 ). The extensional detachment associated with the Alpujárride-Maláguide contact has an ENE sense of movement of the hanging wall [Aldaya et al., 1991; Lonergan and Platt, 1995] . The cooling ages of the footwall, the Alpujárride Complex, obtained by fission track studies in apatites and zircons, suggest an age between 21 and 18 Ma for the movement of this detachment [Johnson, 1993; Platt et al., 2005] .
[11] Lonergan [1991 Lonergan [ , 1993 has recognized several deformation stages during the evolution of the Maláguide Complex in Sierra Espuña. The first stage, during the late Eocene and Oligocene, produced thrusts with a N-NW sense of movement of the hanging wall. The second stage, during the middle Burdigalian, corresponds to the thrusting of the Subbetic over the Internal Zones. All these structures were subsequently folded with NW vergence during the middle Miocene.
Description of the Rocks of the Maláguide Complex

Sedimentary Sequence
[12] The sedimentary sequence of the Maláguide Complex in the study area has a basement composed of Paleozoic rocks (Late Silurian to Late Carboniferous) deformed and metamorphosed into greenschist facies during the Variscan orogeny (Figures 3 and 4) . The rocks of this basement are called the Piar Group, and in the western Betic Cordillera can include Ordovician and older rocks. This basement is overlain by a Mesozoic-Paleogene cover that is normally detached in the study area (Figures 3 and 4) . The cover begins with the red mudstones, sandstones and conglomerates, with some interlayered levels of dolostones and gypsum, of the Saladilla Formation (middle late Triassic) [Simon and Visscher, 1983; Kozur et al., 1985; Mäkel and Rondeel, 1979; Mäkel, 1985] . In the eastern part of the study area, this formation is metamorphosed and the mudstones evolve to red and violet slates. This mainly detritic formation is overlain by the limestones and dolostones of the Castillón, Vélez Rubio and Xiquena Formations, with ages ranging from Jurassic to early Eocene (Figures 3 and 4) .
[13] This succession is covered by detritic Neogene formations. The lowest detritic Neogene formation is the Ciudad Granada Formation, which lies unconformably over the lower rocks of the sequence. It consists of yellow, brown and reddish brown calcarenites, sandstones and mudstones containing clasts from the lower Maláguide formations [Mac Gillavry et al., 1963; Geel, 1973; Hermes, 1977] . Thickness is extremely variable, ranging from 180 -200 m in the west [González Donoso et al., 1988] to 5 m near Vélez Rubio and La Parroquia [Geel, 1973] ; its age is early middle Aquitanian [González Donoso et al., 1988] (Figure 3) . The formation begins with shallow marine gravitational deposits that evolve toward pelagic facies [Soediono, 1971; Geel, 1973] , indicating significant tectonic subsidence in the Maláguide [Geel and Roep, 1998 ].
[14] The Maláguide sequence ends with the FuenteEspejos Formation, which has an early Burdigalian to lower part of the late Burdigalian age [González Donoso et al., 1988; Geel and Roep, 1998] (Figure 3 ). This formation is unconformably over the aforementioned rocks and comprises gray-green marls with levels of calcarenites, sandstones, breccias and conglomerates showing signs of mass transport. These rocks contain clasts from the Maláguide and Alpujárride complexes, and the upper part of the sequence also includes clasts from the Subbetic and the Solana Formation [Geel, 1973; Geel and Roep, 1998 ]. In the study area occurrences of the late Eocene-Oligocene rocks described eastward in the Sierra Espuña and Rio Pliego areas by Paquet [1969] , Lonergan [1993] , and Martín-Martín et al. [1996] are lacking.
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FERNÁ NDEZ-FERNÁ NDEZ ET AL.: STRUCTURE OF THE MALÁ GUIDE COMPLEX Figure 5 ). Moreover, they cut the main foliation within the Alpujárride phyllites. They vary in thickness from 1 to 1.5 m, have N-S and E-W strikes and are usually subvertical ( Figure 6 ).
[16] The rocks are ''basalts'' with ophitic textures and plagioclase, pyroxene, amphiboles, and opaques as the primary mineral association. These minerals are replaced by calcite, quartz, chlorite, and epidotes (including allanite). The presence of chlorite indicates a low-temperature metamorphic event after their intrusion because, in mafic rocks, the phyllosilicates that are stable at low temperatures (usually under 200°C) are smectites or mixed layers clay minerals and chlorite (usually between 200°C and 230°C) , whereas chlorite is the dominant mafic phyllosilicate for temperatures higher than 240°C [Bevins et al., 1989] . A similar low-temperature metamorphic event has been described by Duggen et al. [2004] in the dikes swarm and surrounding host rocks of the Málaga region in the western Betic Cordillera. The fact that this metamorphic imprint can be recognized in all the basalts whenever they have intruded: (1) in the nonmetamorphic upper Maláguide, (2) the anchizonal metamorphic lower Maláguide, and (3) the epizonal (with HP/LT conditions) Alpujárride rocks suggest that this imprint is later than the intrusion and the metamorphism in the host rocks. The fact that this metamorphism also produces calcite indicates that the whole composition of the rocks is not conserved and that this metamorphism is probably associated with secondary hydrothermal alteration.
[17] The sampled rocks are mainly subalkaline basalts and basaltic andesites ( Figure 6 ). The alteration has affected the major element composition and Si, Fe, Mg, Ca, Na and K have probably been remobilized during the secondary hydrothermal alteration and very low grade metamorphism. Therefore we have classified these samples using the less mobile elements.
[18] The samples represented in the Hf-Th-Ta discrimination diagram after Wood [1980] displays mainly between the fields of the mid-ocean ridge basalt (MORB), island arc tholeiites and calc-alkali basalts and the field of the volcanic arc basalts (Figure 7 ). The same samples in the Ti/Zr discrimination diagram after Pearce and Cann [1973] and in the Ti/Zr/Y discrimination diagram after Pearce and Cann [1973] locate within the field of the MORB, island arc tholeiites and calc-alkali basalts ( Figure 7 ). All these diagrams allow us to classify the samples as island arc tholeiitic basalts in agreement with the classification of similar intrusive basalts in the Málaga region studied by Torres-Roldán et al. [1986] , Turner et al. [1999] , and Duggen et al. [2004] .
[19] The mantle and the normal MORB (NMORB) normalized patterns of the trace elements of the samples (Table 1 and Figure 7 ) indicate a relative enrichment in incompatible trace elements: Rb, Ba, Th, U, Sr and Ti, while they are 
FERNÁ NDEZ-FERNÁ NDEZ ET AL.: STRUCTURE OF THE MALÁ GUIDE COMPLEX slightly depleted in the light rare earth elements ( Figure 7 ). In this respect, they are similar to those reported by Turner et al. [1999] and Duggen et al. [2004] .
[20] Rare earth elements show rectilinear and flat chondrite normalized patterns, coincident with those commonly reported for mid-ocean ridge basalts (MORB) and island arc tholeiites (IAT), and there are no negative Eu anomalies, which indicate the absence of plagioclase fractionation ( Figure 7 ).
[21] In order to clarify the existence or not of a contribution from an upper continental crust derived material we have used the Th/Nb versus La/Nb diagram [Plank, 2005] . In this diagram our samples, together with the samples from Turner et al. [1999] and Duggen et al. [2004] , define a linear plot like those defined by the samples of other island arc basalts: e.g., Antillas Arc and not within the MORB-oceanic island basalt (OIB), thus suggesting an island arc affinity ( Figure 8 ). The Th/Nb versus La/Nb diagram also include the isopleths of the Th/La ratio, which is generally greater in the arc setting than in the abyssal lavas and is mainly influenced by the composition of the subducted sediments [Plank, 2005] . The samples have a high Th/La ratio (around the line of Th/La = 0.3) (Figure 8 ) as those of the material from the upper continental crust, thereby indicating a contribution of upper continental crust rocks to the upper mantle.
[22] All the available ages from these dikes are obtained in the western traverse of the chain, as there are none in the study area. The age proposed for the intrusion ranges between 37.6 ± 0.9 Ma (whole rock Ar on a plagioclase from a basalt, determined by Duggen et al. [2004] ). Younger ages have also been determined in the matrix of the dikes and in the whole rocks. These younger ages vary between 17.7 ± 0.6 and 19.1 ± 0.4 Ma [Turner et al., 1999] , between 17.4 ± 0.4 and 19.8 ± 1.0 Ma [Duggen et al., 2004] for the matrix analyses, and between 22 and 23 Ma for the whole rock K-Ar ages [Torres-Roldán et al., 1986] . Duggen et al. [2004] propose that the younger ages correspond with the age of the thermal overprint of the dikes and the host rocks that may correspond with the hydrothermal alteration and very low grade metamorphism in the area. Group (Paleozoic) and the Saladilla Formation (MiddleUpper Triassic), although only in the lower rocks of the eastern part of the area (Figures 10 and 11 ). This foliation, whose surfaces are usually subhorizontal, is axial planar to folds with N80°E to E-W trending hinges and vergences toward the north. This structure has also been described in the lower Maláguide units of Sierra Espuña [Lonergan, 1991; and of Sierra Tercia [Booth Rea, 2001 ].
[24] The cleavage is planar and penetrative in thin section in the pelites, but is not well developed in the sandstones or conglomerates. In the pelites with quartz, the cleavage domains anastomose around the detritic quartz grains. Most of the slates have a phyllitic shine in the cleavage surfaces. The cleavage domains are composed by the metamorphic phyllosilicates, usually the phengites, paragonites, chlorites and/or pyrophyllite.
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FERNÁ NDEZ-FERNÁ NDEZ ET AL.: STRUCTURE OF THE MALÁ GUIDE COMPLEX [25] We have taken several samples of red pelites from the Saladilla Formation ( Figure 11 and Table 2 ) in order to establish the conditions during this deformation. The samples were studied by X-ray diffraction (XRD) in order to determine mineral assemblages and the conditions of metamorphism. Samples were washed and homogeneous rock chips were used for preparation for XRD. Whole rock samples and clay fractions (<2 mm) were analyzed using a Philips PW 1710 powder diffractometer with Cu-Ka radiation, graphite monochromator and automatic divergence slit. The <2 mm fraction was separated by repeated extraction of supernatant liquid subsequent to settling. Oriented aggregates were prepared by sedimentation on glass slides. Ethylene-glycol (EG) treatment was carried out on all the samples in order to corroborate the identification of smectite and/or illite-smectite mixed layers. Preparations of samples and experimental conditions for illite ''crystallinity'' (Kubler Index, KI) measurements were carried out according to IGCP 294 IC Working Group recommendations [Kisch, 1991b] . The KI values were measured from the <2 mm fractions, <2 mm EG-treated fractions, and for the bulk rock samples. These KI values (y) can be transformed into CIS values (x) according to the equation y = 0.5247x + 0.00604 (r = 0.998), obtained in the laboratory using the international standards of Warr and Rice [1994] .
[26] On the basis of XRD results, two different groups of samples can be identified (Table 2 ). The first group includes samples LP-1, LP-2, LP-3, and LP-7, and the second group includes samples LP-4, LP-6, LP-10, and LP-16. They can be differentiated based on their mineral composition and Kubler indices (KI). The first group is characterized by abundant kaolinite, an absence of pyrophyllite and paragonite, and KI indices ranging from 0.57 to 0.65°2q. In the second group, kaolinite is absent, paragonite or pyrophyllite present, and KI ranges from 0.35 to 0.52°2q. All the samples show clear differences between KI measured on air-dried and ethylene-glycol treated samples, which allows us to identify the presence of small amounts of R3 illite/ smectite mixed layers (I/S) giving an XRD peak superposed TC4008 FERNÁ NDEZ-FERNÁ NDEZ ET AL.: STRUCTURE OF THE MALÁ GUIDE COMPLEX on the mica 10 Å peak. The effect of this peak, together with that at 9.6 Å , corresponding to paragonite, on the 10 Å first peak of mica prevents the normal use of the latter to establish metamorphic grade. Therefore KI has also been measured on the 5 Å second peak of mica, which produces equivalent results to the first one but is free of significant effects from I/S and paragonite [Nieto and Sánchez-Navas, 1994; Battaglia et al., 2003] . When KI is measured on this peak, the first group of samples presents values between 0.43 and 0.50°2q, corresponding to deep burial diagenetic conditions. The values of the second group range between 0.32 and 0.38°2q, that is, anchizone conditions, which is in perfect agreement with the presence of pyrophyllite and paragonite in the samples. In addition, the KI of whole rock samples has been measured to check for detrital mica. In general this parameter presents lower values than those measured in the <2 mm fraction, indicating a moderate presence of detrital mica; however, in many cases the difference is slight. All the samples contain quartz and mica, and usually hematite as well, which produces the characteristic red coloring. Chlorite is present in some samples from both groups. The samples in the first group lack slaty cleavage, whereas those in the second group have visible slaty cleavage. This lack or presence of slaty cleavage in the rocks coincides with the deformation and metamorphic conditions deduced from the mineral composition and KI. Moreover, this occurrence or lack also agrees with the observations of the development of the slaty cleavage at very low grade conditions recompiled by Kisch [1989] and discussed by Kisch [1991a] .
[27] Kaolinite is a typical sedimentary mineral, transformed at the onset of metamorphism. In contrast, paragonite and pyrophyllite are characteristic very low and low-grade metamorphic minerals, frequently described in the anchizone and epizone [Frey, 1987] . Under conditions where water pressure equals lithostatic pressure (a H2O = 1), the presence of pyrophyllite indicates temperatures above 300°C; however, in nature, water activity can be expected to be less than unity. Frey [1987] estimated 270°C at the kaolinite + quartz ! pyrophyllite reaction isograd of the external zone of the central Swiss Alps.
[28] The minor presence of I/S in all the samples can be ascribed to retrograde diagenesis [Nieto et al., 2005] . This process was first described in the Maláguide Complex in Sierra Espuña by and later corroborated in a varied set of sequences of different ages and geological conditions. The Maláguide rocks in the Velez Rubio area are clearly more affected by retrograde diagenesis than those in Sierra Espuña, where the alteration process affects only chlorite in some samples. Nevertheless, the metamorphic character of the second group of samples is clearly demonstrated by pyrophyllite and paragonite, which are index metamorphic minerals, thermodynamically incompatible with I/S. These retrograde conditions may be correlated with the hydrothermal overprint detected in the basalts within the dike swarm that Duggen et al. [2004] dated as early Miocene.
[29] There is no clear age for this slaty cleavage due to the lack of radiometric dating, although Lonergan [1993] associated it with the Eocene-Oligocene thrust system in the Maláguide of Sierra Espuña. Furthermore, the swarm of basalt dikes dated as upper Eocene [Turner et al., 1999; Duggen et al., 2004] cut this foliation and we therefore tentatively propose a middle Eocene age for this structure.
[30] These island arc tholeiitic basalt dikes, cutting both Alpujárride and Maláguide rocks, mainly strike N-S and E-W with subvertical dips that are usually parallel to the joint sets in the host rocks. The dikes cut the slaty cleavage in the Saladilla Formation ( Figure 5 ) and also the main metamorphic foliation within the Alpujárride rocks. Below the Maláguide Complex, the Alpujárride dominant rocks are blue phyllites with a metamorphic foliation that is defined by white mica. These phyllites contain carpholite pseudomorphs, suggesting PT conditions around 300°C and 7 kbar [Goffé et al., 1989, Martínez-Martínez and Azañón, 1997] [31] The fault zone detaching the Mesozoic-Cenozoic cover from the Paleozoic basement is one of the older structures formed during the Alpine orogeny in the Vélez Rubio region (Figures 10, 11, and 12 ). This fault zone is observed only in the areas where the Triassic rocks of the Saladilla Formation display no slaty cleavage. The faults strike N70°E to N80°E and dip 30°to 70°toward the NNW (Figures 10, 11, and 12 ). This high-angle dip is due to the late folding. The late folding is ENE-WSW antiform with a vertical limb that produces the tilting of the ancient structures.
[32] The fault zone does not contain mylonites or cohesive cataclasites but rather contains uncohesive fault rocks. The transition from the fault rocks to the unfractured rocks is sharp and the fault zone is several meters thick in the whole area and is formed by incoherent fault gouges and fault breccias (see definition of these terms in the work by Snoke and Tullis [1998] ) that contain numerous microfaults. Most of these microfaults are parallel to the main fault zones and are arranged as brittle S-C structures. These microfault surfaces contain striae with a NNW-SSE trend, and the kinematic criteria within the gouge zone (S-C structures and crushed tails on clasts) indicate a NNW sense of movement of the hanging wall ( Figure 13 ). Within these surfaces, there is also a second set of ENE-WSW trending striae that is less abundant than the NNW-SSE set. This ENE-WSW set has associated right-and left-lateral senses of movement. Moreover, there are microfault surfaces with NNW-SSE strikes that act as tear faults within the fault rock ( Figure 13 ). The second set of ENE-WSW trending striae with right-and left-lateral senses of movement seems to record a later deformation superposed on the NNW-SSE trend; this set of ENE-WSW striae is subparallel to the striation in the Maláguide/Alpujárride detachment fault described in the next section.
[33] This fault surface, with its NNW sense of movement of the hanging wall, is discontinuous in the cartography because it is intersected and displaced by a set of reverse faults (Figures 10, 11 , and 12). In the central splays, the fault zone separates the Saladilla Formation (Middle-Late Triassic) from the Piar Group (Paleozoic). However, in the northern splays, the fault surface thins and omits the Triassic Saladilla Formation and the Jurassic to lower Eocene Castillón and Xiquena Formations directly overlie the Paleozoic Piar Group (Figure 14) . Rocks of the Ciudad Granada Formation (early-middle Aquitanian) cap this fault surface.
[34] The present-day discontinuous nature of this fault zone makes it difficult to reconstruct the original geometry. If we unfold the NNW vergent folds and take into account the movement of the Neogene reverse faults, the fault seems to correspond to a single fault surface. In the northern part of the area, a splay may floor in this detachment fault zone, explaining the omission of the Triassic rocks.
Neogene Alpine Structures
[35] The number of reverse faults cutting the older Alpine structures varies from west to east (see geological map and cross sections, Figures 10, 11 , and 12). These faults have an ENE-WSW strike and dips between 45°and 90°toward the NNW. The fault zone of these thrusts comprises uncohesive fault rocks: fault gouges and fault breccias and is thin (only several centimeters). The limits of the fault zone are sharp and the gouges contain brittle microfaults surfaces and cataclastic foliation. The striae within the microfault surfaces have trends varying between NW-SE and WNW-ESE, and the kinematic criteria (mainly brittle S-C structures) indicate a top-to-the-SE and -ESE sense of movement ( Figure 13 ). The faults usually have a net slip with a strong right-lateral strike-slip component. The displacement of these reverse and right-lateral reverse faults varies between hundreds of meters and kilometers. The faults cut the Ciudad Granada Formation (early-middle Aquitanian), while, in map view, the Fuente-Espejos Formation (early Burdigalian to lower part of the late Burdigalian) overlies the different splays, suggesting a late Aquitanian age for the movement of these structures. Measurements are from the <2 mm fractions and <2 mm EG-treated fractions and for the bulk rock samples (in the 10 Å peak) and from the <2 mm fractions and for the bulk rock samples (in the 5 Å peak) of the micas in the pelites from the Saladilla Formation (Middle-Late Triassic). See text for discussion.
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[36] The basal contact of the Maláguide Complex is a low-angle normal fault that separates it from the underlying Alpujárride Complex [Aldaya et al., 1991; Lonergan and Platt, 1995] . The fault surface has a ENE-WSW strike and a subvertical dip in the central and western part of the study area. This fault surface is folded by an ENE-WSW antiform with NNW vergence. In the study area, it is mainly the subvertical limb of the fold that crops out, accounting for the large dips of the fault surfaces. The hinge of the fold outcrops in the eastern end of the area (Figures 11 and 12) where the fault surfaces become subhorizontal and outcrops in a small tectonic window.
[37] The fault has brittle uncohesive fault rocks around a meter thick with gray fault gouges derived from metapelites and yellow carbonatic fault gouges and breccias containing some gypsum bodies. The striae and kinematic criteria (S-C structures, cataclastic foliations and crushed tails of clasts, etc.) indicate a top-to-the-ENE sense of movement [Aldaya et al., 1991] . In the hanging wall, there are small shear zones affecting the slaty cleavage in the pelites of the Saladilla Formation, also indicating a top-to-the-ENE sense of movement (Figure 15 ). In the footwall, Lonergan and Platt [1995] describe a carbonatic milonite 5 to 20 m thick that developed near the top of the Alpujárride rocks, but similar ductile fault rocks are not found in the hanging wall. The stretching lineation and kinematic criteria also confirm an ENE sense of movement of the hanging wall [Lonergan and Platt, 1995] .
[38] If we unfold the ENE-WSW antiform and we put the Fuente-Espejos Formation in a horizontal position, the fault at the Maláguide/Alpujárride contact becomes a low-angle normal fault. The distances between the bottom of the Fuentes-Espejos Formation of the fault surface increase toward the east and, also, the fault surface has low-angle dips toward the east. The angle of dip can be deduced from the obliquity of the fault with the front of the Alpine slaty cleavage in the Maláguide Complex (around 20°of obliquity, Figure 11 ). The fault striation is approximately parallel to the line of maximum dip of the fault and the sense of movement is normal. This extensional character of the fault agrees with the decrease in the number of reverse faults toward the west (8 in the eastern study area and 2 in the western). The normal fault also explains the omission of the foliated rocks of the Saladilla Formation in the center and western part of the area. Moreover, the extensional character of this fault accounts for the superposition of both brittle fault rocks (pelitic and carbonatic fault gouges) in the hanging wall over ductile fault rocks (carbonate milonites) in the footwall.
[39] The second set of ENE-WSW striae that developed in the detachment between the Paleozoic basement and the Mesozoic-Cenozoic cover of the Maláguide Complex is subparallel to the striation in the Maláguide/Alpujárride contact, which suggests that the surface of the basement/ cover detachment was reactivated during the movement of the Maláguide/Alpujárride contact and accommodate part of the internal extension of the hanging wall.
[40] The Blanquizares-Oria unit of the Alpujárride Complex crops out in the footwall of this low-angle normal fault [Akkerman et al., 1980] . In this unit, Mg-rich chlorite [41] The cooling ages determined by fission tracks in zircons and apatites in the Maláguide rocks (hanging wall) in this area are 240-307 Ma in the zircons and 23-18 Ma in apatites [Johnson, 1993; Platt et al., 2005] , whereas the ages determined in the Alpujárride Complex rocks (footwall) are the same for both zircons and apatites at around 18 Ma [Johnson, 1993; Platt et al., 2005] . These ages suggest that the cooling of the Alpujárride rocks below the temperatures ranging between 330°C and the 120°C was very quickly indicating very high exhumation rates. These rates cannot be explained by strong erosion at 18 Ma because the Fuente-Espejos Formation (early Burdigalian to lower part of the late Burdigalian) was depositing at the same time. Consequently, we propose, in agreement with Lonergan and Platt [1995] and Platt et al. [2005] , that this cooling was the consequence of the movement of the lowangle normal fault developed in the Maláguide/Alpujárride Complex. Moreover, if we suppose that the extension predates the cooling and therefore is anterior to the 23-18 Ma, as the reverse faults that have a late Aquitanian age, are also omitted by the low-angle normal fault, then this lowangle normal fault should be active in the early Burdigalian times. Both hypotheses coincide to date the extensional detachment at the Maláguide/Alpujárride contact at a narrow time interval between 20 and 18 Ma.
Discussion
[42] The oldest Alpine structures are the slaty cleavage associated with north vergent folds, the basaltic dikes, and the extensional detachment with a top-to-the-NNW sense of FERNÁ NDEZ-FERNÁ NDEZ ET AL.: STRUCTURE OF THE MALÁ GUIDE COMPLEX movement. These structures were Eocene-Oligocene in age and can be correlated with similar structures described in the sector of Sierra Espuña and Sierra Tercia [Lonergan, 1991; Lonergan and Platt, 1995; Booth Rea et al., 2002] and in the region near Málaga [Torres-Roldán et al., 1986] . The foliation formed in anchizone conditions, as did those described in Sierra Espuña and Sierra Tercia [Lonergan, 1991; Lonergan and Platt, 1995; Booth Rea et al., 2002] . Temperatures reached 270°C-300°C, conditions that agree with those determined by Booth Rea [2001] in Sierra Tercia. Moreover, a similar retrograde stage has been determined in Sierra Espuña .
[43] According to Lonergan [1993] , the slaty cleavage can be correlated with the Eocene-Oligocene thrust stack that developed within the Maláguide Complex. This thrust stack is well preserved in the Sierra Espuña area, 22 km to the northeast of the study area (Figure 2) [Paquet, 1969; Lonergan, 1993] , but cannot be recognized within the Sierra Tercia and Vélez Rubio areas. However, there must have been a thrust stack to provide the anchizone conditions determined in the eastern Maláguide rocks of the study area ( Figure 11 ). This thrust stack also had to have developed on top of the Alpujárride rocks that have undergone a metamorphism with pressure conditions near 7 kbar while the temperatures were around 300°C in this area [Martínez-Martínez and Azañón, 1997] . These temperature conditions are not very different from the anchizone conditions reached in the foliated Triassic rocks of the Maláguide Complex during the Eocene associated with ductile deformations [Platt et al., 2005 [Platt et al., , 2006 . Therefore the Maláguide Complex may represent the upper part of the orogenic wedge providing the load for the metamorphism in the Alpujárride as the cold metamorphism described here can be found only in thickened crust.
[44] The compression accommodated by this thrust stack during the Eocene-Oligocene may be correlated with the compressional stage recorded in the Iberian Peninsula that corresponded to the convergence between Iberia and Europe with the formation of the Pyrenees, Basque-Cantabrian mountain chain, Catalan Coastal Ranges and Iberian Chain (see Jabaloy et al. [2003, and references therein] for a summary of the deformations and paleostresses during this compressive stage). A similar compressional stage corresponds to the formation of the Alps and their prolongation trough Corsica [e.g., Jolivet and Facenna, 2000] . The ancient Alpine structures of the Maláguide, although fragmentary, suggest that the Maláguide represents the upper part of an accretionary wedge of units that undergone HP/ LT metamorphism in the Eocene. These rocks, together with the Alpujárride Complex, resemble similar allochthonous metamorphic complexes in the Rif, Tell and CalabroPeloritan belts and were usually interpreted as part of the same orogenic belt [Michard et al., 2006] . However, the paleogeographic position and relationship with the rest of the elements (Iberia, Apulia, Europe, and the Alps) is controversial and two main hypothesis are proposed: (1) the orogen was an isolated block within the Tethys ocean [Bouillin et al., 1986; Doglioni, 1992; Guerrera et al., 1993 Guerrera et al., , 2005 , and (2) the orogen was continuous with the Alps and developed in the margin of Iberia and Sardinia [Doglioni et al., 1997 [Doglioni et al., , 1999 Michard et al., 2006] .
[45] The swarm of basaltic dikes is attributed to the late Eocene-Basal Oligocene, according to the ages determined by Turner et al. [1999] and Duggen et al. [2004] . Assuming this age, the slaty cleavage must be older, and we can propose a middle Eocene age for the development of this structure. This attribution agrees with the lower Eocene proposal (around 48 Ma) by Platt et al. [2005] for the age of the main foliation on the Blanquizares-Oria unit and other Alpujárride units.
[46] The basalt within the dikes has island arc tholeiitic affinities and is intruded into continental crust. In order to produce tholeiitic basalts, the upper mantle has to be affected by partial melting in conditions of relatively low pressure. This mantle must be enriched in several elements that are more frequent in continental crust [Turner et al., 1999] . The most common mechanism producing such mantle contamination is the subduction of sediments located on oceanic crust. Duggen et al. [2004] use this mechanism to explain the chemistry of the dikes and their relative enrichment in fluid-mobile elements as currently occurs in the back-arc environments (island arc tholeiites) of the Izu Bonin and South Sandwich island arcs. Finding this dike swarm in the Vélez Rubio region means the swarm extends some 300 km, from Fuengirola to Vélez Rubio. This band is 10 to 20 km broad with an ENE-WSW trend and may correspond to the location of an old volcanic front in a backarc environment during the late Eocene.
[47] Modern oceanic mantle melts as the MORB and OIB have low Th/La ratios, normally lower than 0.1, and the intraplate volcanism have normally Th/La values lower than 0.2, while high values for this ratio is a signature of the continental crust and the sediments derived from it [Plank, 2005] . In subducting sediments the Th/La varies in function of the quantities of terrigenous material derived from the continental crust (high Th/La ratios), the quantities of fish debris phosphate and hydrogenous Fe-Mn oxides (low Th/La ratios), and the quantities of volcanoclastic derived material (usually with low Th/La ratios as normally they are MORB and BIO rocks). Therefore different sediments have different Th/La and produce a distinctive a signal. When this sediment is subducted, this signal can be looked for in the volcanic arc rocks. The result is that there is little change in Th/La ratios from the subducting sediments to the lavas erupting in the volcanic arc [Plank, 2005] . The high Th/La ratio in the basaltic dikes in the Vélez Rubio and Málaga area indicates that the upper mantle contamination has a signal from the upper continental crust: or upper crustal continental rocks subducting directly in the mantle or terrigenous sediments with little mixing from the phosphate/hydrogenous Fe-Mn and volcanoclastic components. This signal may help to identify the rocks entering in the upper mantle.
[48] The other ancient Alpine structure is the fault zone (top-to-the-NNW sense of movement) that separates the Paleozoic basement from the cover. We interpret this fault zone, imbricated by the Aquitanian reverse faults, as an extensional detachment due to the omission of the Triassic and Jurassic formations in the hanging wall of the fault zone. This fault zone is capped by the Ciudad Granada Formation (early-middle Aquitanian [González Donoso et al., 1988] ), indicating that the zone is pre-Aquitanian and probably Oligocene (Figures 10, 11, 12, and 14) . We have not directly observed the relationships between this fault zone and the slaty cleavage. However, the different conditions recorded by both structures (namely, the ductile deformation recorded by the slaty cleavage and the near to the surface conditions marked by the uncohesive fault rocks of the extensional detachment, as well as the aforementioned attributions of the ages of these structures, although very indirect) allow us to assume in this work that the slaty cleavage is the oldest Alpine structure in the Maláguide Complex.
[49] This detachment may also explain the absence of the Eocene-Oligocene thrusts with top-to-the-NNW sense of movement described in the area of Sierra Espuña, and the lack of a very thick succession of rocks that could explain the anchizone conditions necessary for the development of the slaty cleavage. Furthermore, the parallelism between the direction and sense of movement of the extensional detachment and the Eocene-Oligocene thrust system suggests that the two structures are related; one possible explanation is that the orogenic wedge formed by the Maláguide/Alpujárride collapsed and produced the extensional structures. In the Alpujárride Complex, spectacular low-angle normal faults with a NNW-SSE extension thin the whole complex [e.g., Crespo-Blanc et al., 1994; Crespo-Blanc, 1995; Azañón and Crespo-Blanc, 2000; Rossetti et al., 2005] but have been normally attributed to the Burdigalian-Langhian times [Crespo-Blanc et al., 1994] . However, more recently, Rossetti et al. [2005] interpret that this NNW-SSE extension begun in the Aquitanian, suggesting that all the NNW-SSE extensional structures can be the product of an unique stage.
[50] These Paleogene structures help to constrain the evolution of the Internal Zones during this period. The deformation began with the formation of the slaty cleavage associated with north vergent structures during the middle Eocene on top of the Alpujárride rocks that underwent MP/LT metamorphism in this area. In the late Eoceneearly Oligocene, the rocks were intruded by arc-island tholeiitic basalts, suggesting a back-arc environment of these rocks at this moment. The thrust stack necessary to provide the temperature conditions is not preserved in the study area and may have been omitted by the detachment fault (probably Oligocene) separating the basement and the cover with a top-to-the-NNW sense of movement. All these deformations can be correlated with a major deformation event prior to the convergence between the External and the Internal Zones.
[51] In addition to the structures that developed during the Paleogene in the Maláguide Complex, there are several structures with early Miocene ages that we can associate directly with the convergence between the Internal and the External Zones (Figure 16 ). These structures are the reverse faults and the low-angle normal fault separating the Malá-guide from the Alpujárride Complex.
[52] The reverse faults, with an ESE sense of movement of the hanging wall, have a late Aquitanian age, and therefore predate the thrusting of the Subbetic and the Solana Formation over the Internal Zones [Lonergan, 1993; Fernández-Fernández et al., 2004] (Figure 16 ), indicating that in this area the sequence of thrusts began in the Internal Zones. The reverse faults have a large, rightlateral strike-slip component of the displacement and recorded right-lateral transpression, as did the regime proposed for the convergence between the Internal and the External Zones during the early Miocene [Lonergan and White, 1997; Fernández-Fernández et al., 2004] . Migration of the deformation toward the External Zones occurred during the early-middle Burdigalian with the folding of the Subbetic rocks, their vertical axis rotations, and the thrusting [Fernández-Fernández et al., 2004] .
[53] The reverse faults of the Maláguide Complex are unconformably covered by the Fuente-Espejos Formation, which records the subsidence of the Maláguide Complex during the Burdigalian. The subsidence was accompanied by the deposition of the olistostromes and clasts from the thrust front of the Subbetic and the Solana Formation. Additionally, clasts from the Alpujárride Complex were deposited, indicating that this complex reached the surface during this period. These deposits suggest a Burdigalian age for the movement of the low-angle normal fault that now separates the two complexes. We have discussed previously the age of this fault based on fission track studies [Johnson, 1993; Platt et al., 2005] and the age of the reverse faults. This age is restricted to the interval between 20 and 18 Ma. This Burdigalian age for the movement of the low-angle normal fault helps to explain the subsidence of the Malá-guide Complex during this period. However, the most important thing is that with these ages both the compressive structures in the Subbetic and the Solana Formation and the extensional structures producing the exhumation of the HP/ LT Alpujárride rocks are contemporaneous. Both deformations indicate that the NW-SE shortening that accommodated the convergence of the External and Internal Zones was accompanied by NE-SW extension, probably due to the lateral extrusion of the rocks of the Internal Zones (Figure 16 ). The reverse faults and the thrusting of the Subbetic over the Maláguide seem to be back-thrust structures in the whole structure of the orogen that mainly have a NW vergence and facing of the structures.
[54] The Internal Zones have been interpreted as the rigid back stop of the orogenic wedge of the External Zones during the Neogene. However, current data indicate that the hinterland of the orogen was not rigid, instead reacting by extending and thinning approximately perpendicular to the shortening. This convergence between the Internal and the External Zones are equivalent to the collision of the Internal Zones of the Rif against the North African margin, the Kabylian metamorphic allochthonous terrain over the External Tell and the development of the western Mediterranean oceanic basins in a back-arc location [Lacombe and Jolivet, 2005; Michard et al., 2006] . Another alternative model is proposed by Doglioni et al. [1997 Doglioni et al. [ , 1998 Doglioni et al. [ , 1999 ; in this model the extension affecting the Betics was the effect Burdigalian to present-day stage when both zones were welded.
TC4008 FERNÁ NDEZ-FERNÁ NDEZ ET AL.: STRUCTURE OF THE MALÁ GUIDE COMPLEX of back-arc extension of the Apennines-Maghrebides subduction. They propose that normal faults obliquely overlapped the compression in the central and eastern Betics.
[55] The youngest structures include the formation of NE-SW folds (Figure 16 ) and the NW-SE normal faults of the Lorca Basin. The NE-SW folds verge northward and develop in both the External and in the Internal Zones, while the normal faults cut these folds and the External/ Internal Zones boundary, indicating that the two zones have been welded from the middle Miocene to the Present.
Conclusions
[56] The Alpine deformations in the Maláguide Complex (Vélez Rubio area, Eastern Betic Cordillera) can be grouped into three main stages. The first comprises the Paleogene structures prior to the convergence of the Internal and External Zones. This main stage began with compressional deformation that produced a synmetamorphic slaty cleavage under anchizone conditions (270°C-300°C). This foliation is associated with northward vergent structures and was probably connected with the superposition of the Maláguide Complex over the Alpujárride during the middle Eocene. This structure is intruded by an island arc tholeiitic basaltic swarm. The Maláguide Complex was thinned, most likely during the Oligocene, by an extensional detachment with a NNW sense of movement of the hanging wall.
[57] The second stage consists of the convergence of the External and Internal Zones during the AquitanianBurdigalian. This convergence was a right-lateral transpression that produced structures with vergence toward the hinterland that superposed the External over the Internal Zones. The hinterland was not a rigid backstop and was deformed with compressional and extensional structures that produced the exhumation of the HP/LT rocks of the Alpujárride Complex.
[58] The third stage corresponds to the evolution from the late Burdigalian to the present-day, when the Internal and External Zones were welded and deformed in a NW-SE shortening direction parallel to the convergence trend between Africa and Europe and NE-SW extension.
